In this study we investigated whether L-cysteine (L-cys) could alleviate LPS-induced intestinal disruption and its underlying mechanism. Piglets fed with an L-cys-supplemented diet had higher average daily gain. L-cys alleviated LPS-induced structural and functional disruption of intestine in weanling piglets, as demonstrated by higher villus height, villus height (VH) to crypt depth (CD) ratio, and transepithelial electrical resistance (TER) and lower FITC-dextran 4 (FD4) kDa flux in jejunum and ileum. Supplementation with L-cys up-regulated occludin and claudin-1 expression, reduced caspase-3 activity and enhanced proliferating cell nuclear antigen expression of jejunum and ileum relative to LPS group. Additionally, L-cys suppressed the LPS-induced intestinal inflammation and oxidative stress, as demonstrated by down-regulated TNF-a, IL-6 and IL-8 mRNA levels, increased catalase, superoxide dismutase, glutathione peroxidase activity, glutathione (GSH) contents and the ratio of GSH and oxidized glutathione in jejunum and ileum. Finally, a diet supplemented with L-cys inhibited NF-kB(p65) nuclear translocation and elevated NF erythroid 2-related factor 2 (Nrf2) translocation compared with the LPS group. Collectively, our results indicated the protective function of L-cys on intestinal mucosa barrier may closely associated with its anti-inflammation, antioxidant and regulating effect on the NF-kB and Nrf2 signaling pathways.
Introduction
The intestinal barrier is important as a selective barrier against endogenous and exogenous noxious antigens and pathogens. 1 Disruption of the intestinal barrier promotes luminal antigens to penetrate subepithelial tissues, inducing a mucosal and systemic inflammatory response, which is the major pathogenesis for most of intestinal diseases. 2 Multiple factors, including inflammation and oxidative stress, can give rise to intestinal barrier damage. [2] [3] [4] Over-production of pro-inflammatory cytokines and reactive oxygen species (ROS) can disrupt the intestinal epithelial integrity and function. [3] [4] [5] Therefore, inhibition of intestinal inflammation and oxidative stress may exert beneficially prevent the intestinal disruption.
Traditionally, L-cysteine (L-cys) is thought to be a non-essential amino acid and mainly participates in protein metabolism. However, many studies have reported its diverse non-nutritional properties. [6] [7] [8] [9] [10] L-cys has been found to suppress effectively inflammation and oxidative stress in diabetic rats and high Glc-treated cells. 6, 8, 11 Moreover, L-cys could alleviate oxidative stress via GSH synthesis in inflammatory bowel disease. 3 It has been established that L-cys supplementation ameliorates local inflammation, and improved intestinal barrier restoration in a dextran sulfate sodium (DSS)-induced porcine colitis model. 9 These data demonstrated that L-cys was effective in suppressing inflammation and oxidative stress, and suggests L-cys might be a promising nutritional agent for protecting intestinal integrity. However, to our knowledge, little research has been conducted on the protective effect of L-cys on intestinal integrity.
In the current study, the protective effect of dietary L-cys supplementation was evaluated in a LPS-challenged porcine model of intestinal injury. Substantial evidences have demonstrated that LPS stimulates intestinal immune cells to rapid production of pro-inflammatory cytokines and leads to structural and functional injury in intestine. 5 The porcine model, with its similar gastrointestinal morphology and physiology to humans, has been recognized as an appropriate experimental model for the study of inflammatory bowel disease (IBD). The LPS-challenged porcine model has been well-established in inducing acute intestinal injury and used in many IBD therapy studies. In the current experiments, we employed this model to elaborate whether L-cys could alleviate LPS-induced intestinal injury through its antiinflammation, antioxidant and regulating effect on the NF-kB (p65) and NF erythroid 2-related factor 2 (Nrf2) signaling pathway.
Materials and methods

Animals and experiment design
All procedures were approved by the Animal Care and Use Committee, Zhejiang University. Twentyfour crossbred healthy barrows [(Duroc Â Landrace Â Yorkshire), 6.71 AE 0.56 kg] were weaned at 21 d of age and randomly assigned to four treatment groups (n ¼ 6/group): (1) control group (Con; basal diet and i.p. injection of 0.9% sterile saline); (2) LPS group (LPS; basal diet and i.p. injection of LPS at 100 mg/kg body mass); (3) LPS + 0.25% L-cys group (LPS + 0.25% L-cys; basal diet supplemented with 0.25% L-cys and i.p. injection of LPS); (4) LPS + 0.5% L-cys group (LPS + 0.5% L-cys; basal diet supplemented 0.25% L-cys and i.p. injection of LPS). The basal diet was formulated to meet the requirements of the pigs (Table 1) , according to National Research council swine requirements. 12 L-Cys doses (L-cysteine, purity > 99%; Hao Lai Li Technology Ltd. Co., Wuhan, China) were chosen according to our preliminary study. To obtain isonitrogenous diets, 0.37%, 0.18% and 0% alanine (purity > 99%; Hao Lai Li Technology Ltd. Co.) were added to the basal, 0.25% L-cys and 0.5% L-cys diets, respectively. After a 19-d feeding period, the challenged groups were received i.p. injections of Escherichia coli LPS (Sigma Chemical, St. Louis, MO, USA) at 100 mg/kg body mass (BM); the Con group was injected with the same volume of saline. The LPS dose was used according to our preliminary experiments and other references. 5, 13 BM and feed consumption between d 1 and 19 before LPS or saline injection were recorded daily. To avoid the potential effects of feed intake reduction induced by LPS on intestinal variables, all pigs were pair-fed until slaughter 24 h after LPS or saline injection. All piglets were individually housed in 1.3 Â 1.2 m 2 pens in an environmentally controlled nursery barn. Each treatment had six replicate pens. Each pen contained a feeder and a nipple waterer, to allow piglets ad libitum access to feed and water. 
Sample collections
Twenty-four h after LPS or saline solution injection, all piglets were humanely killed by euthanasia with an i.v. injection of sodium pentobarbital (40 mg/kg BM). Two 5-cm-long segments and one 10-cm-long segment were acquired from the middle jejunum and ileum. One 5-cm segment was rinsed with PBS and then placed in 10% neutral buffered formalin until processing. The other 5-cm segments were collected for Ussing chamber experiments. The 10-cm intestinal segments were used for collecting mucosal samples. After harvesting, samples were immediately frozen in liquid nitrogen and stored at À80 C until analysis.
Intestinal morphology
Segments for morphological study were embedded in paraffin, sectioned (5 mm), and stained with hematoxylin and eosin. Villus height and crypt depth were measured using a light microscope with an image processing and analysis system (Version 1; Leica Imaging Systems, Cambridge, UK). Values are expressed as means from 10 intact, well-oriented crypt-villus units at each slice in triplicate.
Ussing chamber experiments
Segments for Ussing chamber experiment were stripped from seromuscular layer in oxygenated (95% O 2 /5% CO 2 ) Ringer's solution. Then, samples were mounted in an Easy Mount Ussing chamber system (model VCC MC6; Physiologic Instruments, San Diego, CA, USA) and connected to Acquire and Analyze software (Physiologic Instruments) for automatic data collection. After a 30-min equilibration period on Ussing chambers, TER (Ácm 2 ) was recorded at 15-min intervals over a 2-h period and the average TER value for each given pig was calculated. FD4 (Sigma-Aldrich, St. Louis, MO, USA) was added to the mucosal side. Mucosal-to-serosal flux of FD4 (mg/cm 2 /h) was measured by sampling 100 ml solution from the serosal side at 30-min intervals for 120 min and same amount of fresh Ringer's solution were supplemented to maintain the solution volume constant. The concentrations of FD4 in the serosal side were measured by fluorescence microplate reader (FLx800; Bio-Tek Instruments Inc., Winooski, VT, USA). FD4 flux over the 2-h period were calculated.
Caspase-3 activity assay
The caspase-3 activity in jejunum and ileum mucosa was determined using the caspase-3 activity kit following the manufacturer's protocols (Beyotime Institute of Biotechnology, Jiangsu, China). Caspase activities were expressed as the percentage of the Con group.
Redox status
Intestinal mucosal supernatants were used for the measurement of catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), glutathione (GSH) and oxidized glutathione (GSSG), using an ELISA kit specific for porcine models, following the manufacturer's protocol (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).
Real-time PCR
RNA was isolated by AxyPrep total RNA miniprep kit (Axygen Scientific Inc., Union City, CA, USA) from mucosal samples, according to the manufacturer's guidelines. RNA concentration was measured using a Nano Drop spectrophotometer (ND-2000; NanoDrop Technologies, Wilmington, DE, USA). The cDNA synthesis was performed by PrimeScripte RT reagent kit (TaKaRa Biotechnology, Dalian, China), following the manufacturer's guidelines. Quantitative real-time PCR was performed with a Step One Plus real-time PCR system (Applied Biosystems, Foster City, CA, USA) using a SYBR premix EX Taq (TaKaRa Biotechnology), following the standard protocols. The primers used are presented in Table 2 . Primer sequences were as follows: F 5'-ATGGTGAAGGTCGGAGT GAAC-3' and R 5'-CTCGCTCCTGGAAGATGGT-3' for GAPDH; F 5'-CATCGCCGTCTCCTACCA-3' and R 5'-CCCAGATTCAGCAAAGTCCA-3' for TNF-a; F 5'-CCTGTCCACTGGGCACATAAC-3' and R 5'-CAAGAAACACCTGGCTCTGAAAC-3' for IL-6; F 5'-TGGCAGTTTTCCTGCTTTCT-3' and R 5'-CAGTGGGGTCCACTCTCAAT-3' for IL-8. The relative changes in each target gene expression were analyzed using the 2 À44Ct method. 5 All samples were run in triplicate.
Western blot
The mucosal scrapings were thawed at 4 C and then lysed on ice using chilled lysis buffer. This mixture was homogenized on ice and centrifuged to harvest the supernatants. The nuclear extract was extracted from the homogenized mucosa sample according to the manufacturer (Vazyme Biotech Co., Ltd., Nanjing, China). Protein concentration of extract was measured by an enhanced BCA protein assay kit (Beyotime Institute of Biotech). Next, tissue extract (equal amounts of protein) was boiled at 95 C for 5 min with a quarter-volume of 5 Â SDS-PAGE sample buffer. Lysates were separated by a SDS polyacrylamide gel. Afterwards, the proteins were transferred to polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membranes were incubated with primary Ab at 4 C for 12 h, then with the secondary Ab for 60 min at room temperature (24 C 
Statistical analysis
Data were analyzed using the SAS statistical package (SAS Institute, Cary, NC, USA), 14 with each animal considered an experimental unit. Differences between means were tested using Duncan's multiple range tests. Differences were considered significant at P < 0.05. 
Results
Growth performance
Intestinal morphology and barrier function
As shown in Table 2 , LPS challenge reduced VH, VH/ CD and TER, and increased CD and FD4 flux in jejunum, and reduced VH/CD and TER and increased FD4 flux in ileum compared with the Con group (P < 0.05). Piglets in the LPS + 0.25% L-cys group had higher VH, VH:CD and TER, and lower FD4 flux in jejunum and higher VH:CD and lower FD4 flux in ileum (P < 0.05) relative to the LPS group. Piglets in LPS + 0.5% L-cys had higher VH, VH:CD and TER, and lower FD4 flux in jejunum and higher VH:CD and lower FD4 flux in ileum (P < 0.05) compared with the LPS group.
Tight junction (TJ) expression
TJ expression in jejunum and ileum of piglets is presented in Figure 1 . Relative to the Con group, LPS challenge reduced occludin, claudin-1 and ZO-1 expression in jejunum, and occludin and claduin-1 in ileum (P < 0.05). Supplementation with L-cys (0.25% or 0.5%) increased the protein expression of occludin and claudin-1, while it did not have significant effect on ZO-1 expression in jejunum and ileum compared with piglets in the LPS group (P < 0.05).
Apoptosis
As shown in Figure 2 , the LPS group had higher caspase-3 activity and lower PCNA expression in jejunum and ileum compared with the Con group (P < 0.05). L-Cys supplementation (0.25% or 0.5%) decreased caspase-3 activity in jejunum and improved PCNA expression in jejunum and ileum (P < 0.05) compared with the LPS group.
Inflammation
The effect of L-cys supplementation on inflammatory cytokine expression in the jejunum and ileum of weaned piglets are presented in Table 3 . Relative to the Con group, LPS challenge improved TNF-a, IL-6 and IL-8 expression in jejunum and ileum of piglets (P < 0.05). Supplementation with 0.25% L-cys reduced TNF-a, IL-6 and IL-8 expression in jejunum, and TNF-a and IL-8 expression in ileum compared with the LPS group (P < 0.05). Supplementation with 0.5% L-cys reduced TNF-a, IL-6 and IL-8 expression in jejunum and ileum (P < 0.05).
Oxidative stress
As shown in Table 4 , compared with the Con group, LPS challenge increased MDA and GSSG content;
decreased CAT, SOD and GSH-Px activity, and GSH contents and GSH/GSSG ratio in jejunum; increased MDA activity; and decreased SOD activity, GSH and GSH/GSSG ratio in ileum (P < 0.05). Relative to the LPS group, piglets in the LPS + 0.25% L-cys group had higher CAT, SOD and GSH-Px activity, GSH concentration and GSH/GSSG ratio in jejunum, and higher GSH concentration and GSH/GSSG in ileum (P < 0.05). Piglets in the LPS + 0.5% L-cys group had higher CAT, SOD and GSH-Px activity, GSH concentration and GSH/GSSG in jejunum, and higher SOD activity, GSH concentration and GSH/GSSG in ileum (P < 0.05).
NF-kB and Nrf2
The nuclear translocation of transcription factor NF-kB and Nrf2 is presented in Figure 3 . Relative to the Con group, the LPS group had higher NF-kB nuclear translocation in jejunum and ileum (P < 0.05) but no significant difference on Nrf2 nuclear translocation (P > 0.05). Dietary addition of L-cys (0.25% or 
Discussion
In the present experiment, dietary addition of 0.25% and 0.5% L-cys did not affect the growth performance of weaned piglets before LPS challenge. The Cys used in this study was L-cys. Different from our results, Kim et al. reported that infusion 0.21% L-cys significantly improved mass gain to feed intake ratio compared with DSS-challenged piglets. 9 Hou et al. reported that dietary addition of N-acetyl cysteine (NAC) attenuates LPS-induced mass loss in weaned piglets. 13 However, Lee et al. found that dietary supplemented with 2% L-cys decreased the food intake and BM of rats receiving a normal diet (contained 0.3% L-cys). 10 Dilger et al. reported that excess Cys consumption (40 g/d) severely depressed the weight gain of young pigs. 17 The reason for this discrepancy may result from different factors, such as animal species, the L-cys level supplemented and the cysteine source (L-cys and NAC).The range of L-cys concentration in the regular diet of weaned piglets is 0.35-0.47%, according to National Research Council swine requirements. L-cys is the free form of cysteine, and NAC is the acetylated variant of L-cys. In the animal body, NAC is converted to cysteine via a deacetylation reaction carried out by several aminoacylases. NAC, as the precursor of L-cys, is now widely used in human and animals as an antioxidant. However, the efficacy of NAC may be limited because not all tissues contain the deacetylases required to convert NAC to cysteine. Therefore, L-cys has recently been explored as an alternative to NAC. It was used as its metabolism and absorption presents a minimal amount of cellular stress, and does not require digestion or ATP expenditure prior to being absorbed. Thus, cys would be rapidly absorbed and not exert additional strain on the already compromised cells.
The integrity of intestine plays an essential role in nutrition absorption, gut homeostasis and animal growth and health. 1, 2, 18 VH, CD and VH:CD ratio are the common indices for evaluating intestinal morphology. 5 In our present study, LPS challenge reduced VH, VH/CD in jejunum and ileum, and increased CD in jejunum. These results demonstrated that LPS caused acute intestinal damage as after the injury there was an elongation of the crypt to repair the mucosal damage. 219 In current experiment, piglets fed with L-cys supplemented diet showed higher VH and VH/CD ratio in jejunum and ileum and lower CD in jejunum, which indicated that L-cys effectively attenuated LPS-induced intestinal damage. Consistent with the intestinal morphology results, piglets fed with L-cys supplemented diet showed higher TER and lower FD4 flux in jejunum and ileum, which indicated an improvement in intestinal barrier function. Similarly, Kim et al. found piglets fed with L-cys had a lower plasma D-mannitol concentration and improved restoration of the intestinal barrier integrity. 9 Hou et al. found that dietary supplemented with NAC decreased crypt depth, increased VH:CD ratio and decreased diamine oxidase activity in plasma of LPS-challenged weanling piglets. 13 In the present study, dietary L-cys supplementation was effective in protecting intestinal integrity.
Intestinal epithelial barrier primarily consists of epithelial cells and the tight junctions between epithelial cells. 20 Tight junction proteins mainly include the integral transmembrane proteins, such as the occludin and claudin families, and intracellular linker proteins, like Table 4 . Effect of L-cys supplementation on antioxidant enzymes, GSH, GSSG and MDA of weaned pigs in jejunum and ileum.
Item
Control LPS LPS + 0.25% cys LPS + 0.5% cys zonula occludens. 21 These proteins construct a complex formation and seal the intercellular space between epithelial cells, working as a selective permeable barrier. 22 Disruption of tight junctions would increase the intestinal permeability, which has been recognized as the major etiology of many intestinal diseases. 23, 24 In the present experiments, L-cys improved the expression of occludin and claudin-1 in jejunum and ileum. Numerous studies have reported that occludin and claudin-1 are key component of tight junction complexes and play important roles in intestinal permeability. 25, 26 Similarly to our results, it has been reported that dietary supplementation with NAC increased the expression of claduin-1 and occludin in jejunum of LPS-challenged pigs and increased claudin-1 expression in colon of acetic acid-challenged piglets. 13, 25 These results suggest that L-cys may alleviate the LPS-induced intestinal damage via regulating expression of tight junction proteins.
Epithelial turnover, including cell proliferation and apoptosis, is another critical factor determining intestinal integrity. 9 In inflamed intestinal mucosa of IBD patients, normal intestinal epithelial cell turnover is disrupted. 27 Epithelial cell apoptosis increase and proliferation decrease has been thought to be the main mechanism responsible for intestinal mucosal damage. Caspase-3 and PCNA are common markers to assess cell apoptosis and proliferation. In the current study, we found that LPS challenge enhanced caspase-3 activity and reduced PCNA expression in jejunal and ileal mucosa of weaned piglets. Our results were similar to those of Leng et al. 28 In our current study, supplementation with L-cys reduced caspase-3 activity and improved PCNA expression. In support of our results, Salman et al. found that L-cys administration reduced caspase-3 concentrations in the liver of streptozotocininduced type 2 diabetes rats. 6 Zhu et al. reported that NAC decreased enterocyte apoptosis index and inhibited Fas, caspase-3 and caspase-8 gene expression in weanling piglets. 29 These results suggested that L-cys may protect intestinal integrity by regulating epithelial cell apoptosis and proliferation, although the mechanism of cys regulation of cell proliferation and apoptosis has not been fully elucidated. Shoveller et al. reported that cys regulates epithelial cell proliferation via modulation of redox status. 7 Increased oxidant stress and redox imbalance suppress cell proliferation and induce apoptosis. Cysteine may regulate cellular redox by its thiol (-SH) and as a precursor of GSH, a major cellular antioxidant. 7 To further explore the mechanism of L-cys protection of the intestinal barrier integrity, we investigated its effects on intestinal inflammation. Accumulating evidence has demonstrated that inflammation play a critical role in many intestinal diseases. 5 Several relatively pro-inflammatory cytokines including TNF-a and IL-1b, have been found to disrupt the tight junction complex and lead to epithelial cell apoptosis. 23, 24 In our experiment, LPS challenged improved TNF-a, IL-6, and IL-8 concentration in jejunum and ileum of piglets. LPS-induced model of gut inflammation is a most common used and well-established intestinal injury model. When binding with TLR4/MD-2/CD14 receptor complex, LPS stimulates immune cells, such as macrophages, to produce a variety of pro-inflammatory cytokines, such as TNF-a, IL-6 and IL-8. Piglets fed with L-cys-supplemented diets had lower TNF-a, IL-6, IL-8 concentration in jejunum and ileum. Similar with our results, Kim et al. showed that L-cys administration suppressed intestinal inflammation, decreased TNF-a, IL-1b and IL-6 expression in the intestine of a DSS-induced porcine colitis model. 9 L-cys was also found to reduce inflammatory markers MCP-1and CRP levels in serum in diabetes rats. 6 In vitro studies showed that supplementation with L-cys reduced TNF-a, IL-8 and IL-1b expression in human U937 monocytes treated with high Glc. 30 Therefore, in the present study, L-cys may protect the intestinal integrity by inhibiting intestinal inflammation.
Oxidative stress is another critical factor that involved in the intestinal barrier disruption in intestinal diseases. 18 ROS are not only byproducts of the inflammatory process; they also are capable of causing damage to epithelial cell integrity and closely linked to apoptosis in a variety of cell types. 3 Evidences with intestinal epithelial cells has proved that elevated oxidant stress could inhibit cell proliferation and induce apoptosis. 3, 31 In animals, there exist many antioxidative enzymes (e. g. CAT, SOD, GSH-Px) and non-enzymatic antioxidants (e.g. GSH) to protect the organism from oxidative damage. 32 MDA is produced by lipid peroxidation and often regard as the indices for oxidative injury. In the current study, LPS challenge elevated MDA and GSSG contents and decreased CAT, SOD, GSH-Px activity, GSH contents and GSH/GSSG. Similarly, Hou et al. reported that NAC attenuated LPS-induced oxidative stress in intestine as indicated by improved CAT, SOD and GSH-Px activity, GSH contents and GSH/GSSG in small intestine of weaned piglets. 13 Lee et al. reported that L-cys supplementation improved catalase and GSH reductase activity in rats. 10 Jain et al. found that L-cys administration attenuates oxidative stress in Zucker diabetic rat liver. 11 In vitro L-cys reduced high Glc-and ketoneinduced ROS production in human umbilical vein endothelial cells and THP-1 monocytes. 8 These results indicate that L-cys may protect intestinal integrity via attenuation of oxidative stress.
According to our results, L-cys alleviated the LPSinduced intestinal disturbance via its effects on suppressing inflammation and oxidant stress. To elucidate fully the mechanism of L-cys protect the intestinal barrier, we examined two critical signaling pathway that are involved in anti-inflammation and antioxidant, NF-kB and Nrf2 signaling pathways. NF-kB and Nrf2
